Spectra and transients of the photoluminescence (PL) of undoped and Er-doped size-controlled nanocrystalline Si/ SiO 2 multilayered structures with mean nanocrystal size of 1.5-4.5 nm have been comparatively investigated. The Er-doped structures exhibit a strong Er-related PL band at 0.81 eV, while the efficiency of the intrinsic PL band of Si nanocrystals at 1.2-1.7 eV decreases by several orders of magnitude in comparison with the undoped structures. At low temperature the PL spectra of the Er-doped structures show several dips separated by the energy of Si TO-phonon and bound to the transition energies between the second and third excited states to the ground state of Er 3+ . The Er-related PL is characterized by lifetimes of around 3 -5 ms, a weak temperature quenching, and a high efficiency, which is comparable or even stronger than that of the intrinsic PL in the corresponding undoped samples. This efficient sensitizing of the Er-related luminescence is explained by the structural properties of the samples, which favor a strong coupling between the excitons confined in Si nanocrystals and upper excited states of the Er 3+ ions in the SiO 2 matrix.
I. INTRODUCTION

It is well known that Er
3+ ions in a solid matrix can emit sharp luminescence at 1.5 m ( 4 I 13/2 → 4 I 15/2 transitions in their internal 4f-shell). 1 This wavelength corresponds to a transparency window of silica fiber-based optical communication systems that is important for possible applications of Er-doped silicon in optoelectronic devices.
1,2 During the last years several Si-based materials, i.e., monocrystalline ͑a-Si͒, 1-3 amorphous ͑a-Si͒, [4] [5] [6] and nanocrystalline (nc-Si) [7] [8] [9] Si have been proposed and extensively investigated as matrices for Er 3+ ions. The Er 3+ luminescence in c-Si: Er was found to exhibit a strong temperature quenching, which is caused by thermal dissociation of electron-hole pairs captured at Er-related defects and nonradiative de-excitation of the ions due to an energy back transfer to the solid matrix. 3 Significantly weaker temperature dependence of the Errelated photoluminescence (PL) is inherent for Er-doped a-Si: H. 4, 5 Additionally, the time of the energy transfer from the a-Si: H matrix to Er 3+ ions was shown to be in a submicrosecond time scale which results the high excitation efficiency of the ions. 6 However, due to different channels of the nonradiative energy losses in a-Si: H͑Er͒, 5, 6 the efficiency of the Er-related PL is still not enough to employ this material for light emitting devices.
The nc-Si/ SiO 2 system is a promising host for Er 3+ ions. It has been demonstrated that Er-doped SiO 2 layers containing Si nanocrystals produced by co-sputtering, 7 plasmaenhanced chemical vapor deposition, 8 or by ion implantation 9,10 exhibit efficient room temperature PL at 1.5 m. By using time resolved PL measurements a coupling between excitons in nc-Si and Er 3+ ions in surrounding SiO 2 was observed. 11 The efficiency of the indirect excitation of the ions was estimated to reach at least 55% at low temperatures. 11 The effective cross section of the Er 3+ excitation was estimated to be about 7 · 10 −17 cm −2 , 12 which is four orders of magnitude higher than for the direct optical excitation of Er 3+ in stoichiometric silica. Evidence for the phonon-assisted energy transfer from nc-Si to upper excited levels ( 4 I 11/2 and 4 I 9/2 ) of Er 3+ was observed in low temperature PL spectra of Er-doped nc-Si/ SiO 2 . 13 Being excited by short laser pulses the transients of the room temperature Errelated PL at 1.5 m were characterized by a risetime in the range of tens of microseconds. 13 The decay time of the Er emission in nc-Si/ SiO 2 structures is typically of the order of milliseconds and it is nearly temperature independent. [11] [12] [13] While these results promise good perspectives for the optoelectronic applications of Er-doped nc-Si/ SiO 2 structures, the improvement of the emission efficiency at 1.5 m requires a deeper understanding of the mechanism of the energy exchange between nc-Si and Er 3+ ions as well as an optimization of nc-Si/ SiO 2 structures. Such an optimization can be realized by using size-controlled quasi-ordered nc-Si/ SiO 2 multilayered structures. 14, 15 Recently, the efficient room temperature PL of Er 3+ ions embedded in such structures has been demonstrated. 16 In the present work we comparatively investigate the steady state and transient PL of undoped and Er-doped nc-Si/ SiO 2 multilayered structures. The energy transfer from the nc-Si to the Er 3+ ions is analyzed as a function of the Si nanocrystal size and for varied temperatures. 
II. EXPERIMENTAL DETAILS
A. Samples
Amorphous SiO / SiO 2 superlattices were prepared on c-Si substrates by alternating reactive evaporation of SiO powder in vacuum or in oxygen atmosphere (for details see Refs. 15 and 16) . The thickness of the SiO layers d SiO was 2 and 3 nm for sample series A and it varied from 2 to 6 nm in a 1 nanometer step for series B. The SiO 2 layer thickness d SiO2 was 2 -3 nm for series A and it was kept constant at 4 nm for series B. The number of the SiO / SiO 2 periods was typically 30-70. Details are summarized in Table I . The samples were annealed for 1 h in a conventional quartz tube furnace at 1100°C under N 2 -atmosphere. Pieces of the samples were implanted by Er ions at 300 keV with doses of 5·10 14 cm −2 (series A) and 2 · 10 15 cm −2 (series B). For comparison the same Er doses were implanted into thick SiO 2 layers, evaporated under the same conditions. Both, the Erimplanted nc-Si/ SiO 2 and amorphous SiO 2 samples were additionally annealed at 900°C for 5 min (series A) and 64 min (series B) in order to heal out the implantationinduced damage.
The structure and size of Si nanocrystals were investigated by using transmission electron microscopy (TEM) and x-ray diffraction (XRD) techniques. The TEM investigations were performed at a JEM-4010 electron microscope (400 kV, point resolution 0.16 nm). 
B. PL technique
PL was excited by using a HeCd laser (photon energy h = 3.8 eV, excitation power 5 mW) or a N 2 -laser (h = 3.7 eV, pulse duration 10 ns, pulse energy 20 J, repetition rate 20 Hz). The laser beam was focused on the sample into a spot of 1 mm diameter. Intensities of the employed lasers were in the linear regime of the PL excitation. The PL signal was dispersed by a 50 cm monochromator and was detected by an InGaAs photodiode (spectral range 0.7 eV-2.2 eV) with a preamplifier or by a CCD array (spectral region 1.1-2.2 eV). PL spectra under pulsed excitation were measured by a photomultiplier or photodiode operating in time integrating regime. The PL measurements were done at temperatures of 8 -300 K by using a closed cycle He-cryostat. All PL spectra were corrected for spectral response of the measurement system.
Transients of the Er-related PL under pulsed laser excitation were detected by InGaAs photodiodes with preamplifiers, which possess time resolution of 0.5 ms or 0.2 s. PL transients in the spectral range from 2.2 to 1.2 eV were detected by a photomultiplier with a time constant of 30 ns. The PL transients were recorded by using a Tektronix digital oscilloscope. 
III. RESULTS AND DISCUSSION
A. Room temperature photoluminescence spectra Figure 2 shows the PL spectra of the undoped nc-Si/ SiO 2 structures at room temperature. A blueshift of the PL band is observed with decreasing d SiO for the both series A and B (see the PL peak energies h PL max in Table I ). This spectral shift is usually attributed to the quantum confinement in Si nanocrystals in a SiO 2 matrix. 13, 17 In general, the PL of undoped nc-Si/ SiO 2 structures is assigned to the radiative recombination of excitons confined in Si nanocrystals and the PL band broadening is explained by size distribution and by phonon-assist electron-hole recombination. [17] [18] [19] The total intensity of the exciton PL integrated in the spectral range 1.1-2.1 eV ͑I nc ͒ is maximal for the undoped nc-Si/ SiO 2 structure with d SiO =3 nm (see inset of Fig. 2 ). Assuming the full absorption of the excitation light and using a calibrated detector, we estimated the external quantum yield of the exciton PL to be of the order of 1%. This value is probably a lower limit of the quantum yield since no complete absorption of the excitation radiation in the nc-Si/ SiO 2 layers occurs even under the UV excitation (see also Sec. III B).
The room temperature spectra of the Er-related PL of several Er-doped nc-Si/ SiO 2 structures are plotted in Fig. 3 . For the same Er dose the Er 3+ PL intensity increases with decreasing d SiO , i.e. d Si , which implies a better energy transfer to the Er 3+ ions for smaller Si nanocrystals in agreement with Refs. 7 and 13. Additionally, the Er 3+ PL bandwidth is found to be larger for the structures containing larger Si nanocrystals (see inset of Fig. 3 ). In particular, the full width at half maximum of the spectrum increases from 17 to 23 meV when d SiO decreases from 2 to 6 nm. Note, the PL spectrum tails undergo even stronger broadening with increasing nanocrystal size. The spectral broadening indicates a stronger Stark-splitting of the ground and first excited levels of Er 3+ ion in the structures with larger Si nanocrystals. The origin of this size-dependent splitting can be attributed to additional perturbations of Er 3+ ions in the SiO 2 matrix due to larger fluctuations of the dielectric function in the sample with larger nanocrystals. Indeed, the image charges at nc-Si/ SiO 2 boundaries can influence the strength of local electric fields near the ions. Note that this effect should be evidently absent for the case of homogeneous matrices like Er-implanted bulk Si. In order to analyze quantitatively the energy transferred from nc-Si to Er 3+ we consider the spectrally integrated PL intensities of Er-doped ͑I Er ͒ and undoped ͑I nc ͒ samples which are defined as 
I͑h͒d͑h͒, ͑1͒
where the integration limits are determined by the spectral range of the Er-related ͑0.75-0.9 eV͒ and intrinsic nc-Si ͑1.1-2.1 eV͒ emissions, respectively. The I Er / I nc ratio is convenient to characterize the Er 3+ excitation efficiency because in this way the influences of the absorption cross section of nanocrystal, the reflection coefficient and the thickness of the layer on the detected PL intensities can be eliminated. Since a linear regime of PL excitation was kept for the measurements, the I Er / I nc ratio should be dependent only on the nanocrystal size-sensitive energy transfer to Er 3+ . The inset of Fig. 4 shows the I Er / I nc ratio vs h PL max for the samples of both series. When h PL max increases from 1.4 to 1.5 eV the I Er / I nc ratio increases from 0.04 to 0.11 and from 0. 
B. Temperature dependent measurements
The temperature decrease from 300 K to 10 K results in an increase of the intensity of the Er-related emission at 0.8 eV and narrowing of its PL band as shown in Fig. 5 . While the exciton PL in the Er-doped sample increases by 2-3 times with temperature decreasing, the I Er / I nc ratio is less temperature dependent. Besides the Er-related and intrinsic nc-Si bands one can also distinguish several lines and spectral features whose intensities are temperature dependent. In particular, a sharp line at 1.26 eV, which is evidently due to the transition from the second excited states ͑ 4 I 11/2 ͒ to the ground ͑ 4 I 15/2 ͒ state of Er 3+ , becomes more intensive at the helium temperatures. The low temperature PL spectrum consists also of a broad band at 0.9-1.2 eV and several sharp peaks in the region near 1.1 eV. The broad band might be related to the radiative transitions via defect levels in SiO 2 . Note, that the same PL band was observed for the undoped nc-Si/ SiO 2 structures. Therefore these defects are not induced by the Er implantation but they can be rather attributed to the consequences of phase separation processes during the nanocrystal formation. 15 The lines at 1.04, 1.09, and 1.15 eV are probably due to the free and bound exciton transitions in the phosphor doped c-Si substrate. 17 The PL from the substrate is obviously induced by the excitation light, which is not completely absorbed in the nc-Si/ SiO 2 multilayer structures because of its small thickness. Indeed, these lines were observed to be weaker for the samples with thicker nc-Si/ SiO 2 films and to be stronger under excitation with larger wavelength (i.e., weaker absorbance in the films).
The inset of Fig. 5 shows the spectral region of 1.16-1.65 eV of the low temperature PL spectrum of an Erdoped sample of series B. Several dips (marked by dashed lines) are clearly distinguished. The dips are spaced with a period of about 64 meV (the energy of the optical phonon of Si at the ⌫ point) and they are bound up with the transition energies (marked by arrows) from the second ͑1.26 eV͒ and third ͑1.53 eV͒ excited states to the ground state of Er 3+ . Such spectral features have been already observed in nc-Si/ SiO 2 structures and they were assigned to Si-phononassisted energy transfer from nc-Si to Er 3+ . 13 Additionally, a more broad suppression dip at 1.4 eV is seen in the low temperature spectra of our samples (dashed arrow in the inset of Fig. 5 ). The dip can be a superposition of the higher order phonon-assisted processes bound with the transitions at 1.26 and 1.53 eV. However, an energy transfer assisted with vibrations of the O-Si-O stretching mode might also be possible. 20 It should be mentioned, that all of the Er-doped nc-Si/ SiO 2 structures show similar or weaker phonon-related dips as presented in the inset of Fig. 5 . This fact gives direct evidences of the phonon-assisted energy transfer from nc-Si to Er 3+ . On the other hand, the total suppression level corresponding to these spectral dips is at most 0.1% of the spectrally uniform suppression of the exciton PL. To explain the observed almost complete transfer of the nc-Si excitation to the Er 3+ ions another stronger coupling mechanism should be considered (see Sec. III D).
The temperature dependent spectrally integrated PL intensities for the samples A are plotted in Fig. 6 . The temperature decrease from 300 to 80 K increases the integrated PL intensity I Er by a factor of 2. The value of I Er remains constant within 5% in the temperature interval from 80 to 15 K and it increases slightly for the lower temperature. The exciton PL increases by factor of 3 in the temperature range from 300 to 80 K and then decreases again by 30% upon going from 80 to 8 K. Such type of nonmonotonic temperature dependence is well known for the PL of Si nanocrystals 17, 21 and is explained by a temperature dependent population of the singlet and triplet states of excitons whose radiative recombination competes with nonradiative one. 17, 22 Note, that for the Er-doped samples the PL quenching is similar for the exciton and Er-related emissions in the temperature range from 80 to 300 K. Therefore, at these temperatures the both PL bands are controlled by similar nonradiative recombination processes, which can be caused by residual postimplantation defects in the samples. Indeed, the undoped structures demonstrate the weaker temperature quenching of the exciton PL (see Fig. 6 ). Figure 7 shows typical transients of the exciton PL of undoped and Er-doped structures of series A excited with 10 ns laser pulses at room temperature. Similar transients were observed for the undoped samples of series B having different d Si . For the Er-doped samples of series B the exciton PL was extremely weak and the transient measurements were hardly possible. As seen in Fig. 7 the exciton PL transients do not follow a single exponential decay but they can be fitted by a stretch exponential function
C. Photoluminescence transients
where 0 and ␤ are the mean lifetime and dispersion parameter, respectively. Note, that the stretch exponential decay of PL is commonly observed in disordered solids like a-Si: H, 6 porous Si, 23 and nc-Si. 24 A fundamental reason for nonsingle exponential PL decays is the time-or spatialdependent recombination of nonequilibrium electron-hole pairs similarly to the donor-acceptor emission in bulk semiconductors. 25 In the case of the nc-Si/ SiO 2 structure the non exponential PL decay can be caused by a transfer of charges or energy between sites of carrier generation and recombination. While the photogeneration of an electronhole pair occurs obviously inside a nc-Si, the recombination processes may take place inside the same nc-Si, other nc-Si or on localized states at nc-Si/ SiO 2 interfaces. It was shown that the localized states at the Si/ SiO 2 interface can influence the PL properties of nc-Si/ SiO 2 systems. 26, 27 The spectral dependencies of 0 and ␤ obtained from the stretch exponential fits of the PL transients of the structures A are plotted in Fig. 8 . The mean lifetime exhibits a strong decrease with PL photon energy, which correlates with increasing probability of the radiative recombination for smaller d Si . The value of 0 for the Er-doped samples is about 2 times shorter compared with that of the undoped ones, while the parameter ␤ = 0.5-0.55 is not very sensitive to the presence of Er 3+ . The decrease of 0 for the Er-doped samples is significantly smaller than that expected from the quenching of the exciton PL intensities (see Figs. 4 and 5) . Therefore, the residual exciton PL in the Er-doped structures originates mainly from Si nanocrystals, which are not coupled or weakly coupled with Er 3+ as discussed in Refs. 11 and 13. Figure 9 shows PL transients of the PL line at 0.8 eV for the Er-doped nc-Si/ SiO 2 structures with different d SiO and, hence, d Si . The temperature dependence of the PL lifetime is found to be insignificant. This gives an evidence of the good isolation of Er 3+ ions from the non radiative dissipation of their energy into the solid matrix. The PL rise occurs within 5-10 microseconds after excitation pulse as shown in inset of Fig. 9 . We did not observe an influence of the nanocrystals size or Er implantation dose on the PL risetime. On the other hand, the decay of the Er sion of Er 3+ as it was demonstrated in Refs. 1 and 28. Furthermore, the lifetime shortening correlates with the PL spectra broadening with increasing d Si (see inset of Fig. 3) . Therefore, the lifetime shortening can be induced by the dielectric function inhomogeneities, which should be stronger for the samples with larger Si nanocrystals.
D. Mechanism of Er 3+ excitation
The PL data presented here show unambiguously that the excitation of Er 3+ ions in the nc-Si/ SiO 2 structures is mediated through the energy transfer from the Si nanocrystals. In our samples the nanocrystals are spatially closely arranged and the thickness of the SiO 2 layers between them is typically 1 -2 nm within the layers and 2 -4 nm perpendicular to layer directions (see Fig. 1 ). Since the solubility of Er in crystalline Si (ഛ10 18 cm −3 , even with use of ion implantation) 2 is above 2 orders of magnitude lower than that in SiO 2 , one can expect that the optically active Er 3+ ions are mainly located in the oxide matrix surrounding Si nanocrystals. While Er 3+ ions are not sufficiently mobile at T = 900°C to change the implantation profile in the samples, 1,14 a local redistribution of the ions from nc-Si to the surrounding oxide is possible for series B, which was annealed for the longer time. On the other hand, even if the ions are located within the Si nanocrystals, they will not contribute to the room temperature PL. In any case the optically active ions are at most at ϳ2 nm from the nanocrystals in our structures. For such short distances the coupling between excitons and ions should be very efficient by considering both the Förster transfer by dipole-dipole interaction 29 and higher order multipole ones. 30 The Dexter mechanism of the direct electron exchange 30 seems to be less probable, since there is a large difference in the absolute energies of photoexcited electrons in nc-Si and 4f-electrons of Er 3+ .
1,2
It should be noted, that the energy transfer between Si nanocrystals (exciton migration) in the nc-Si/ SiO 2 structure can enhance the Er 3+ sensitizing efficiency. The exciton migration is possible at least for the in-layer plane due to the similarity of neighboring nanocrystals and the small distance between them (see Fig. 1 ). The observed stretched exponential ͑␤ Ϸ 0.5͒ transients of the exciton PL (see Figs. 7 and 8 ) indicate a very efficient exciton migration through the array of nearly monosized Si nanocrystals. 31, 32 Let us analyze in more detail the energy transfer from a Si nanocrystal to an Er 3+ ion in the investigated structures. Assuming the Förster mechanism, Si nanocrystals and Er 3+ ions will further be called donors and acceptors, respectively. For the Förster transfer the acceptor-donor distance has to be smaller than the radius of the Förster zone:
where is the wavelength of the donor luminescence, e.g., = 0.6-1.0 m for the present nc-Si/ SiO 2 structures. Since the refractive index n Ϸ 1.4-1.6, one can estimate r F Ϸ 6 -10 nm. As mentioned above, there are sufficient numbers of Er 3+ ions within the Förster zone, which represent the potential acceptors for the Förster transfer from the nc-Si. The energy transfer rate k E can be written as follows:
where J DA is the overlap integral between the emission spectrum of the donor and the absorption spectrum of the acceptor, W D is the probability of the donor emission (reciprocal radiative lifetime), R is the donor-acceptor separation, n is the refractive index of the medium, and the coefficient C depends on the relative orientation of the donor and acceptor dipoles. Indeed, the experimental data plotted in the inset of Fig.  4 are well explained by considering the spectral dependence of J DA . In particular, the minimum in the dependence of I Er / I nc on h PL max at around 1.4 eV (see inset in Fig. 4 ) corresponds to the smallest overlapping between the transition energies of Er 3+ , i.e., 1.26 and 1.53 eV, and the exciton PL among the samples investigated. The maximal value of I Er / I nc for the sample B with h PL max = 1.65 eV can be explained by an increase of the overlapping integral J DA because the broad PL of this sample ͑d SiO =2 nm͒ overlaps perfectly with the transition energies from both the third ͑1.53 eV͒ and fifth ͑1.88 eV͒ excited states of Er 3+ . We note, that the R −6 -dependence expected for the Förster transfer efficiency is not possible to detect for the different samples just by assuming the donor-acceptor distance to be proportional to d Si or d SiO 2 . A reason for the weaker dependence of I Er / I nc on d Si can consist of the smearing out of the exciton wave function into the oxide matrix.
The energy transfer from nc-Si to Er 3+ competes with the nonradiative recombination through other defects (e.g., Si dangling bonds) in the nc-Si/ SiO 2 structures. This competition can result in higher PL yield of the Er-doped structures in comparison with undoped ones as observed for the sample B with h PL max = 1.65 eV (inset in Fig. 4 ). Because the time of the nonradiative carrier capture is evidently in a submicrosecond time scale the competition between this process and Er 3+ excitation implies a short time for the latter also. Note, that the risetime of the Er-related PL of about 5 -10 s (see inset in Fig. 9) is probably controlled by a relaxation process Another description of the Er 3+ photosensitization is based on an Auger-type recombination process, which occurs nearby the ions. 4 This approach was employed to explain the efficient excitation of Er 3+ in a-Si: H. 4 For that material the Er 3+ PL arises for very short times ͑Ͻ0.1 s͒ after pulsed laser irradiation 6 and the energy is transferred directly to the first excited state of Er 3+ . 4 A similar Auger excitation can be also realized for our Er-doped nc-Si/ SiO 2 structures. A high probability of this process is determined by the short distances between the carriers localized near nc-Si/ SiO 2 boundaries and Er 3+ ions in the surrounding SiO 2 . The Auger mechanism of the energy transfer can explain the almost complete and spectrally featureless quenching of the intrinsic exciton PL of nc-Si. On the other hand, the residual signal of the exciton PL might originate from the nanocrystals, which are not strongly coupled with the Er 3+ ions due to the implantation profile.
IV. CONCLUSIONS
The comparative investigation of the PL spectra and transients of undoped and Er-doped nc-Si/ SiO 2 multilayered structures shows that Er 3+ ions are efficiently excited by the energy transfer from Si nanocrystals. The energy transfer efficiency is the strongest for the structures with Si nanocrystals of 2 -2.5 nm size and the number of the emitted photons of the Er 3+ PL can be comparable or even larger than that for the undoped sample under the same excitation. At low temperature the PL spectra of the Er-doped samples show features of the Si-phonon-assisted energy transfer from the excitons confined in Si nanocrystals to the upper excited states (second and third ) of Er 3+ ions. This phonon-assisted process coexists along with another highly efficient energy transfer, which can be attributed to the Förster mechanism or/and to the short range Auger process. Both mechanisms provide the strong coupling between the Er 3+ states and the electronic excitation in dense arrays of spatially arranged and size-controlled Si nanocrystals. The observed high efficiency of the Er 3+ PL provides good perspectives for applications of the size-controlled Er-doped doped nc-Si/ SiO 2 multilayered structures in Si-based optoelectronics.
